background: Highly reactive carbonyl compounds formed during glycolysis, such as methylglyoxal (MG), can lead to the formation of 'advanced glycation end products' (AGE) and carbonyl stress. Toxic AGEs are suspected to accumulate and play a role in reducing quality and developmental potential of mammalian oocytes of aged females and in PCOS and diabetic patients. Whether and how MG and AGE affect young and aged oocytes at the cellular level is unknown.
Introduction
Ovarian functional decline with age entails a gradual depletion of ovarian follicle reserve and a reduced ability to produce oocytes competent for fertilization and embryo development (Tatone et al., 2008; Broekmans et al., 2009) . Ovarian physiology is unique in that follicles might remain in a 'resting' phase for a long time and start growing even in the fifth decade of life. Based on this concept, it is reasonable to hypothesize that during the reproductive lifespan, the ovarian microenvironment is gradually perturbed. Ovarian ageing is associated with the impairment of specific functions of oocytes and granulosa cells, along with general dysfunctions typical of the cellular ageing process, such as altered mitochondrial activity, energetic failure and changes in genes and protein expression profiles (Van Blerkom et al., 1998; Eichenlaub-Ritter et al., 2004; Hamatani et al., 2004; Thouas et al., 2005; Steuerwald et al., 2007; Grondahl et al., 2010) . A relevant consequence of this condition is an increased susceptibility to meiotic errors enhancing the risk of chromosomal abnormalities in the mature oocyte (Eichenlaub-Ritter, 1998; Vogt et al., 2008; Hassold and Hunt, 2009 ). In addition, embryo development in advanced reproductive age may be jeopardized by altered epigenetic mechanisms (Lopes et al., 2009) .
It has been proposed that ovarian follicles become exposed to factors that irreversibly accumulate during the reproductive lifespan (Tatone et al., 2008) that act synergistic to suboptimal follicular environment on maturation, chromosomal constitution and developmental capacity of the oocyte (Eichenlaub-Ritter, 2003) . Accumulation of spontaneous damage during normal metabolism plays a relevant role in the cellular ageing process (Yin and Chen, 2005; Rattan, 2008) . Biological reactions leading to ageing include modifications of different kinds of molecules by free radicals and glycation (Yin et al., 2001; Harman, 2006) . The latter is a non-enzymatic reaction by which highly reactive carbonyl compounds formed during glycolysis and other metabolic pathways react with biomolecules leading to the formation of AGEs (advanced glycation end products), the most relevant hallmarks of ageing. By adversely affecting structural and functional properties of proteins, lipids and DNA (Ledl and Schleicher, 1999; Baynes, 2001; Yin et al., 2001) , glycation causes tissue damage resulting from molecular cross-linking (Verzijl et al., 2000) and changes in gene expression through AGE receptor (Schmidt et al., 2000; Wautier et al., 2001) . Reactive carbonyl compounds overload, a condition known as carbonyl stress, can be caused by decreased detoxification or increased formation via oxidative stress.
A major precursor of AGEs is the a-oxoaldehyde methylglyoxal (MG), a dicarbonyl compound, which is physiologically produced during the glycolytic process and other physiological pathways and which can inhibit mitochondrial respiration and proliferation, induce apoptosis and increase reactive oxygen species (ROS) production (Thornalley, 1996; Amicarelli et al., 2003) . Detoxification of MG mainly occurs via the glyoxalase system, which consists of two enzymes: glyoxalase 1 (GLO1) and hydroxyacyl glutathione hydrolase (HAGH, previously known as glyoxalase 2, GLO2). GLO1 catalyses the formation of S-D-lactoylglutathione from MG with reduced glutathione (GSH) acting as a cofactor. HAGH catalyses the hydrolysis of S-D-lactoyl-glutathione to D-lactate and regenerates GSH (Mannervik, 2008) . The glyoxalase system, particularly GLO1, represents the frontline defence against dicarbonyl glycation in physiological systems (Thornalley, 2003; Kuhla et al., 2006) , limiting carbonyl stress toxicity (Shinohara et al., 1998) . Knockdown of GLO1 decreases lifespan while overexpression may prolong life (Morcos et al., 2008) . AGEs may be involved in ovarian physiopathology, e.g. in PCOS patients (DiamantiKandarakis et al., 2007) . Furthermore, MG may be involved in reduced developmental competence of oocytes and embryos from diabetic patients (Chang and Chan, 2010) . A role for AGEs in ovarian ageing has also been suggested by some observations in human follicular fluids (Fujii and Nakayama, 2010) . In the CD-1 mouse model, a recent study revealed an age-related increase in MG and AGEs in relation to decreased expression of GLO1 and relevant damage to the ovarian proteome (Tatone et al., 2010) .
In Part A of this investigation, we therefore addressed the question whether mouse oocytes are equipped with a defence system against reactive carbonyl compounds by monitoring the expression of Glo1 and Glo2 genes in germinal vesicle (GV) and in vivo matured and ovulated metaphase II (MII) oocytes from the CD-1 strain. We found that both genes were expressed at GV stage but undetectable in MII oocytes such that the mature female gamete may be particularly vulnerable to carbonyl stress. Furthermore, we investigated potential deleterious effects of carbonyl stress produced by chronic exposure to MG by exposing DO and cumulus-enclosed oocytes (CEO) from pregnant mare serum (PMSG)-stimulated adult outbred CD-1 mice to this compound during in vitro maturation. This revealed that protection to adverse effects by MG mediated by cumulus decreases with age.
The Part B of the study was devoted to analyse the direct influences of chronic MG and carbonly stress on in vitro maturing, unprotected oocytes that were denuded from cumulus and originated from unstimulated MF-1 mice (Roberts et al., 2005) , yielding large numbers of maturation-competent oocytes in order to assess spindle formation and chromosome behaviour. While genotoxic agents that induce DNA damage may be cytotoxic and induce degeneration of GV-stage oocytes (Bradshaw et al., 1995) exposures that are not cytotoxic and cause spindle aberrations that may induce a delay or block in maturation after GVBD, when the spindle assembly checkpoint (SAC) is not satisfied and chromosomes do not become stably attached to spindle fibres (reviewed by Vogt et al., 2007; Holt and Jones, 2009) . We therefore evaluated the effects of different MG concentrations on meiotic progression after 16 and 19 h of incubation and the impact on spindle integrity and chromosomal constitution. To mimic the situation in an aged ovary, in which defences by detoxification are already declined, we also studied the potential DNA-damaging influences of carbonyl stress by chronic MG exposure of GV-stage oocytes blocked from spontaneous resumption of maturation by culture in the presence of cilostamide, a specific phosphodiesterase 3 inhibitor (Nogueira et al., 2005) . Numbers of g-H2AX-antibody reactive foci were subsequently analysed in the nucleus as markers of DNA lesions and repair (e.g. Rogakou et al., 1998; Tanaka et al., 2006; Mah et al., 2010) .
In Part C of the study, we analysed the influences of MG exposure on mitochondrial distribution and potential of the inner-mitochondrial membrane (DC mit ; Van Blerkom et al., 2002) and the intramitochondrial GSH/GSSH redox state (E m GSH ; Meyer and Dick, 2010) since mitochondrial dysfunction can be at the basis of spindle and chromatin alterations and reduced developmental potential. Although oocytes have little glycolysis, the presence of mitochondria in the vicinity of the spindle may be important for local ATP supply at maturation, and a cortical domain rich in functionally intact mitochondria with high DC mit appears essential for calcium signalling and repetitive membrane depolarization at fertilization (Van Blerkom et al., 2002 Van Blerkom, 2009 ). Since GSH protects oocytes, the zygote and embryo from oxidative damage and alterations in GSH/GSSG ratio compromise developmental potential (e.g. Curnov et al., 2010), we assessed the intramitochondrial GSH-depedent redox potential in controls and MG-exposed oocytes using a novel non-invasive approach.
Materials and Methods
Part A. Expression of Glo1 and Glo2 and age-related sensitivity to MG
Animals and oocyte collection
Outbred CD-1 mice (Charles River Italia s.r.l., Calco, Italy) at the age of 4-8 weeks (young mice) and 48-52 weeks (reproductively aged mice) were used to obtain CEO or denuded oocytes (DO) from stimulated females or from unprimed mice (Tatone et al., 2006) . The mice were superovulated by intraperitoneal injection of 10 IU of PMSG (Folligon; Intervet-International, Boxmeer, Holland) and 10 IU of hCG (Profasi HP 2000; Serono, Roma, Italy) 48 h apart (for study flow chart, see Fig. 1 ). For expression studies, oocytes arrested at MII stage were released at 15 h post-hCG from the oviducts into M2 medium (Sigma, St. Louis, MO). Cumulus was removed by brief exposure to 0.3 mg/ml hyaluronidase (Sigma).
Analysis of Glo1 and Glo2 expression by semi-quantitative RT-PCR
Denuded GV-stage oocytes from unprimed mice or whole CEO with oocytes and cumulus cells or MII oocytes from stimulated cycles were washed in phosphate-buffered saline (PBS) containing 3 mg/ml polyvinylpyrrolidone (PBS-PVP), transferred into a 0.6 ml tube in a volume ,2 ml and immediately subjected to thermolysis and reverse transcription by cell-to-cDNA kit (Ambion, Inc., Austin, TX). Fifty microlitres containing the cDNA equivalent of 15 oocytes and PCR buffer 1X (Perkin Elmer Life And Analytical Sciences, Boston, MA), 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.2 mM of each primer and 1.25 U of Taq polymerase (all products from Perkin Elmer) were used in PCR in duplicate and in multiplex reactions, using 18S as the internal standard (QuantumRNA Classic 18S; Ambion), producing a 489-bp PCR product. The 18S rRNA internal control is used in combination with 18S competimers and a gene-specific PCR primer pair. The correct ratio between the 18S rRNA primers and 18S competimers was empirically determined. Primers sequences for Glo1 were derived from GeneBank (gi|31981281|ref|NM_025374.2| Mus musculus GLO1, Glo1, mRNA), with primer pair: forward, GATTTGGTCA CATTGGGATTGC; reverse, TCCTTTCATTTTCCCGTCATCAG and amplification product of 110 bp. The primer sequences of Glo2 provided by GeneBank (gi|227499237|ref|NM_024284.2| Mus musculus GLO2 (HAGH), Glo2, mRNA) were: 5 ′ GATGAGGACACCCAGGAGG and 3 ′ ACAGCCAGCAACAAACAAT, producing a 369 bp amplification product. Exposure of DO and CEO from CD-1 mice to MG DO and CEO were isolated from the ovaries of young and aged PMSG-primed mice 48 h after PMSG (Fig. 1) , placed into M16 medium (Sigma, St. Luis, MO) in the presence or absence of MG (Sigma) (75-500 mM), and matured for 19 h in a humidified incubator at 378C and 5% CO 2 . Numbers of oocytes that resumed maturation and emitted the first polar body were recorded.
Analysis of MG-induced apoptosis
In vitro matured DO of controls and MG-exposed group (300 mM MG; 19 h) of young CD-1 mice were exposed to Tyrode's solution for 1 min in order to remove the zona pellucida and permeabilized for 5 min in 0.1% TritonX-100 in PBS-PVP. DNA fragmentation was detected by terminal deoxynucleotidyl transferase-mediated dUDP nick-end labelling (TUNEL) method by means of 'in situ'; Cell Death kit (Roche Diagnostic Gmbh, Mannheim, Germany; 378C for 1 h in 25 ml of 'TUNEL reaction mixture' containing dUTP-FITC, terminal deoxynucleotydil transferase enzyme and reaction buffer). Positive control was represented by oocytes treated with 50 U/ml DNase. Negative control was without dUTP-transferase enzyme. After washing in PBS-PVP, the oocytes were incubated in Hoechst 33342 (Sigma) at room temperature, mounted on slides and observed by epifluorescence microscope at ×400 magnification with appropriate filters.
Part B and C. Direct influences of MG on resting or in vitro maturing mouse oocytes
Animals, oocyte collection and maturation in vitro
For these experiments, outbred MF-1 mice were used which contain large numbers of large antral follicles at late diestrous of the natural cycle in the ovaries of young adult females. Maturation competent oocytes contain a clear cytoplasm with little pigmentation that are ideally suited for spindle immunofluorecence (e.g. Eichenlaub-Ritter and Betzendahl, 1995; Vogt et al., 2010) . Outbred MF-1 mice were maintained in a temperature controlled environment under a 12 h light/dark cycle (7.00-19.00) at the Bielefeld University animal house with feed (R/M pellets; Sniff, Soest, Germany) and water ad libitum. All experiments were done under permit of the University authorities and in accordance with German law.
Vaginal smears were used to obtain oocytes in late diestrous from large antral follicles of adult 2 -4 months old MF-1 mice (Vogt et al., 2009) . Cumulus-denuded oocytes were placed into M2 medium (Quinn et al., 1982 ; all components obtained from Sigma, Deisenhofen, Germany), with or without MG (Sigma) and matured for 16 or 19 h in a humidified incubator at 378C (Fig. 1) .
Part B
Analysis of DNA damage by MG by staining with g-H2AX GV-stage oocytes from large antral follicles of MF-1 females in diestrous were placed into M2 medium, cultured for 5 h in the presence of 10 mM cilostamide (Sigma) without or with 75-mM MG, fixed for immunofluorescence (after removal of the zona by pronase followed by extraction in a microtubule-stabilizing solution containing Triton-X-100; Vogt et al., 2009) , and finally labelled by first antibody, anti-g-H2AX antibody (Abcam, London, UK), followed by second anti-mouse-FITC-coupled antibody (Sigma) and staining of chromatin by 2-diamidino-2-phenylindole (DAPI, Sigma; 10 mg/ml in PBS). Oocytes were viewed by Zeiss Axiophot fluorescence microscope (Zeiss, Jena, Germany) with 100× objective lens. Images of an optical section were taken through the centre of the nucleus at its largest diameter (Trapphoff et al., 2010) to count numbers of g-H2AX spots in controls and MG-exposed GV oocytes.
Spindle and pericentrin immunofluorescence with oocytes from MF-1 mice
Oocytes were processed for tubulin-immunofluorescence as previously described (Eichenlaub-Ritter and Betzendahl, 1995; Sun et al., 2004) . Immunolabelling was subsequently with first antibody [e.g. rabbit anti-pericentrin-antibody (Covance, Munich, Germany) and/or mouse anti-tubulin (Sigma)] and second antibody [anti-rabbit-TRITC (Sigma) and/or anti-mouse-FITC (Sigma)] followed by staining of chromatin by DAPI (Sigma) or propidium-iodide (Sigma) and mounting in PBS with 20 ml/ml diamino-bicyclo-octane. Images were viewed by Zeiss Axiophot fluorescence microscope and recorded by Axiovision system (Zeiss) or confocal microscope (Leica TCS SP2; Leica Microsystems, Germany). Morphology of spindle and alignment of chromosomes as well as pericentrin at spindle poles was analysed in controls and MG-exposed group.
Octax polarization microscopy: non-invasive analysis of meiotic delay in MG-exposed oocytes
Meiotic progression to GV breakdown (GVBD) or emission of the first polar body (PB) was analysed by Octax Eye-Ware polarization microscope (OCTAX EyeWare MX, MTG. Altendorf, Germany) equipped with a heated stage on a Nikon microscope with 20× objective lens and appropriate filters and LCD liquid crystal optics and hardware for imaging and recording for qualitative and quantitative polarization microscopy (Shen et al., 2008; Vogt et al., 2009; Trapphoff et al., 2010) . Oocytes in a microdrop of 10 ml M2 medium covered with warm mineral oil (Sigma) matured in a WilCO Wells BV dish with glass bottom (GWSt-5040, Amsterdam, Netherlands). Images were taken at 2 min intervals to assess nuclear membrane breakdown (GVBD) and anaphase I progression and first polar body formation (Vogt et al., 2009 (Vogt et al., , 2010 .
Chromosomal analysis
Spreading after hypotonic treatment, C-banding and chromosome analysis of oocytes were carried out as previously described (Eichenlaub-Ritter and Boll, 1989; Cukurcam et al., 2003; Cukurcam et al., 2007) .
Part C

Analysis of mitochondrial distribution by JC-1 staining
Live staining of mitochondria was performed after incubating oocytes at different stages of maturation (7, 8 h or 16 h) for 30 min in warm M2 medium containing 1.5 mM JC-1 (5,5
′ ,6,6 ′ tetrachloro-1,1 ′ ,3,3 ′ -tetrae-thylbenzimidazolylcarbocyanin jodid; Molecular Probes). Lipophilic JC-1 accumulates within mitochondria and in its polarized state produces a green fluorescence which shifts to orange/red emission in case of more depolarized membrane potential (Van Blerkom et al., 2002) . JC-1-stained oocytes were viewed and recorded by fluorescence microscope (Zeiss). Numbers of oocytes with prominent accumulation of mitochondria with low potential of the inner-mitochondrial membrane (low c mit ) around Figure 1 Flow chart of the experimental design for testing MG effects and age on in vitro maturation to metaphase II, and spindle, chromosomes and mitochondria employing the MF-1 and CD-1 strain of mice.
the spindle (category: ++), those with more dispersed distribution throughout the ooplasm (category: +2) and those without visible accumulation in the proximity of spindle and chromosomes (category: 22) as well as number of oocytes with mitochondria with high c mit in the periphery of the oocyte, close to the oolemma (category: ++) and such without mitochondrial accumulation at the oolemma (category: 22) were recorded.
Non-invasive analysis of the inner-mitochondrial GSH redox potential
We used a construct encoding for a fungal mitochondrial signal sequence, the human glutaredoxin-1 (Grx1), an enzyme that interacts specifically with the GSH/GSSG system (Gutscher et al., 2008) , and a redox-sensitive roGFP2 for specific live imaging of the inner-mitochondrial redox potential (E m GSH ) (Meyer and Dick, 2010) . The cDNA of Mito-Grx1-roGFP2 was amplified from pLCPX-Mito-Grx1-roGFP2 (kindly supplied by Andreas Meyer) using the following primer pairs: TCA GAT CTA GAG ATG GCC TCC ACT CGT G; TAT TTT CTA GAT TTA CTT GTA CAG CTC GTC CAG C and cloned into a pspO-vector. This construct was used for in vitro transcription followed by in vitro polyadenylation of the resultant RNA (Vogt et al., 2009; Eichenlaub-Ritter et al., 2010a,b) . Polyadenylated mRNA was microinjected into denuded GV oocytes arrested in dicytate stage in M2 medium containing 0.5 mM cilostamide using an injector (model 5242, Eppendorf Hamburg/Germany), an automatic micromanipulator (model 5171, Eppendorf, Hamburg, Germany) and an inverse microscope (Axiovert 35, Zeiss, Jena, Germany). After 8 h for translation of mRNA into protein, DO were matured in vitro for 16 h in M2 medium without (control) or with 100 mM MG in the absence of cilostamide. E m GSH was analysed in three independent experiments in MII oocytes expressing the fusion protein in mitochondria accumulated in the vicinity of the spindle (control: n ¼ 32; MG: n ¼ 21) by confocal laser scanning microscope (Leica TCS SP2; Leica Microsystems) with sequential excitation of Mito-Grx1-roGFP2 at 405 and 488 nm. Emission was recorded in the range of 500 -530 nm in the area of the ooplasm in proximity of the spindle. Cells fully oxidized or reduced by exposure to 10 mM H 2 O 2 and 10 mM DTT, respectively, served as standard.
According to Nernst equation, the redox potential was determined using the following equations:
(1) Calculation of oxidized degree of roGFP2
where R is the ratio of emission intensities (I ) after excitation at 405 or 488 nm (R ¼ I 405nm /I 488nm ). For the determination of R ox and R red as well as I 488ox and I 488red , the mean values obtained from the in situ calibration, after complete oxidation and reduction by treatment with 10 mM DTT or H 2 O 2 , respectively, were used. Carbonyl stress exposure and oocyte ageing Gutscher et al., 2008) . We assumed a pH value of 7.98 for mitochondria (Llopis et al., 1998) .
Estimation of redox potential according to Nernst equation
R is the universal gas constant ( ). For OxD roGFP2 , the cell-specific data, obtained from (1), were inserted.
Statistical analysis
For each experimental series, values are reported as mean + SEM except for E m GSH for which mean and standard errors are shown. Statistical analysis was by Student t-test or chi-square test and SigmaStat software (Jandel Scientific Corporation, San Rafael, CA). For small numbers, chi-square with Yates correction was used. A P value of ,0.05 was considered statistically significant.
Results
Part A: Expression of Glo1 and Glo2 and age-related sensitivity of oocytes to MG
Expression of GLO1 and 2 in oocytes and cumulus cells
Since glyoxalases were detected in whole mouse ovaries (Tatone et al., 2010) , we now monitored GLO1 and GLO2 expression by semi-quantitative RT-PCR. Both Glo1 and Glo2 mRNAs were identified in GV-stage oocytes from DO of unstimulated cycles and whole cumulus-oocyte complexes (CEO groups) after PMSG stimulation, whereas they appeared undetectable in in vivo matured and ovulated MII oocytes from stimulated cycles ( Fig. 2a and b) . The two transcripts were also found in cumulus cells (Fig. 2c ) with a pattern of expression similar to that observed in CEO (Fig. 2a) .
MG effects on in vitro maturation of young and reproductively aged mice
In order to investigate whether the reproductive ageing affects oocyte susceptibility to MG toxicity, DO and CEO from young and reproductively aged PMSG-stimulated CD-1 mice (Fig. 1) were exposed to different MG concentrations in M16 medium and monitored for polar body formation after 19 h. Polar body emission was inhibited by MG in a dose-dependent manner in both the CEO and DO groups in the oocytes from young CD-1 mice, with a minimum effective dose of 150 mM (Fig. 3a) . Nevertheless, DO oocytes exposed to 150 and 300 mM MG exhibited a percentage of polar body emission significantly lower than that observed in CEO (P , 0.001). When DO and CEO oocytes from reproductively old mice were subjected to the same MG treatments as young mice, CEO underwent maturation to a similar extent as DO oocytes in all groups (Fig. 3b) .
Comparison of polar body emission of old and young groups revealed that values in old DO did not significantly differ from those observed in young DO at all concentrations tested whereas CEO from reproductively old mice were more sensitive to MG than CEO from the young group (Fig. 3) .
Forty-three per cent of the 81 young oocytes exposed to 300-mM MG displayed TUNEL-positive DNA after 19 h of maturation and all of them showed condensed chromatin as characteristic for apoptosis (Fig. 4d,d ′ ).
Part B: Disturbances by chronic MG exposure on resting and in vitro maturing mouse oocytes
Oocyte degeneration, meiotic arrest and meiotic delay
To test mutagenic or aneugenic effects of MG, we exposed denuded mouse oocytes of the MF-1 outbred strain to different concentrations of MG during 16 and 19 h of culture. Very few oocytes of the control from unprimed MF-1 females degenerated, whereas the majority matured to MII and emitted a first polar body during 16 h of maturation in vitro (Control, 16 h, Table I ). Concentrations of MG ≥150 mM caused already oocyte degeneration (Table I) . Since no or only few oocytes matured with 300-mM MG group or developed to MII in the 150-mM MG group, respectively (Table I) we did not pursue further experiments with these higher concentrations of MG. There was a significant arrest at GV stage (24%) in oocytes of MF-1 mice exposed to 125-mM MG during maturation for 16 h. Already 50-mM MG induced a significant meiosis I arrest (numbers with GVBD) and a significant reduction in PB oocytes compared with the control (P , 0.001; Table I ). Rate of meiotic arrest at GVBD stage was even more increased to nearly 30% in the presence of 75-mM MG. For these reasons, we further used 75-or 100-mM MG to test for an influence of MG on spindle, chromosome segregation (see below), DNA integrity (in GV-arrested oocytes; see below) or mitochondrial distribution and redox state.
Unexpectedly, the rate of arrested GVBD oocytes dropped from 28.6 to 18.5%, when culture was prolonged from 16 to 19 h, and 81.5% of oocytes in the 75-mM MG group matured to MII during 19 h, not significantly different from the control cultured for 16 h. This suggests a meiotic delay by 75-mM MG.
Induction of DNA breaks in GV-stage oocytes AGE may cause DNA breaks by induction of oxidative stress, ROS and DNA repair, or it may also cause apoptosis and cell death. Phosphorylated histone H2AX (g-H2AX) is recruited to chromatin at sites of DNA repair in the oocyte nucleus, e.g. after vitrification (Trapphoff et al., 2010) . A low concentration of MG causes DNA damage in dictyate stage-arrested oocytes of the MF-1 mice since oocytes with over 20 foci (Fig. 4c ′′ ) significantly increased from 2.3 to 53.6% in the group exposed to 75-mM MG as compared with the control while those with 0-10 g-H2AX-positive foci per nucleus (Fig. 4a ′′ ) decreased significantly from 77.6 to 22.6% (Supplementary data, Table SI ).
Disturbances in spindle formation and chromosome congression
The analysis of spindle formation confirmed that progression through meiosis is significantly delayed by exposure of oocytes of MF-1 mice to 75-mM MG. After 16 h of maturation, the majority of the controls had progressed to MII (84.4%; Fig. 5a ; Table II) , while only 70.7% of the MG group possessed a polar body (P , 0.05). However, prolonged culture to 19 h resulted in an increase of oocytes with MII spindle to 93.5% ( Fig. 5g and h ). Control meiosis I-arrested oocytes possessed a normal bipolar spindle (5% were highly aberrant), while 69.5% of the MG group matured for 16 h possessed aberrant spindles as shown in Fig. 5e and f) , unlike in the controls progressing to meiosis II with well-aligned chromosomes and normal MII spindles (Fig. 5a ). Some MG-exposed oocytes contained interphase-like chromatin within a nucleus-like state (Fig. 5f ). The percentage of meiosis I oocytes in telophase I or with highly aberrant meiosis I spindle decreased to 28% by 19 h of culture when most oocytes were in meiosis II and had normal spindles ( Fig. 5g and h ), similar to the 16 h control ( Fig. 5a ; Table II) . Unlike in the 16 h control, a large percentage of the MG-exposed meiosis I-arrested oocytes exhibited congression failure of chromosomes (69.5%) at 16 h of maturation ( Fig. 5b -d ) in contrast to controls ( Fig. 5a ; supplementary data, Table SII ). Upon prolonged culture to 19 h, the percentage of oocytes in meiosis II with scattered chromosomes decreased to 6.9%, not significantly different from the control at 16 h (8%; Supplementary data, Table SII ). The failure in chromosome congression after 16 h maturation was associated with disturbances in spindle organization, in particular, with a failure to focus the acentriolar centrosomes recognized by pericentrin antibody at the spindle poles ( Fig. 5b -d ; supplementary data, Table SIII ). Thus, pericentrin-reactive centrosomes were found either focused or more loosely assembled at the pole in 25 and 55%, respectively, of the meiosis I-arrested oocytes of the control, but in only 22.2 and 19.4% of the MG group at 16 h of culture. 53.2% of MG-exposed oocytes had displaced centrosomes away from the poles (e.g. Fig. 5c ), but this decreased to 12.1% at 19 h, not different from controls (Supplementary data, Table SIII ).
Delayed progression to anaphase I
In spite of possible increase in DNA breaks, the kinetics of GVBD was similar in living controls and oocytes exposed to 75-mM MG during in vitro maturation as analysed by polarizing microscopy (Fig. 6a) .
When spindles were viewed non-invasively by the polarizing microscopy and time of anaphase I and telophase I progression and first polar body formation was quantitatively analysed (Fig. 6b and  c anaphase I and emitted a polar body with a significant delay compared with the control (Fig. 6c) .
Disturbances in chromosome condensation and anaphase I lagging
Delay in chromosome congression and anaphase I progression suggest that MG may critically affect attachment of chromosomes to the spindle and thereby induce a delayed release from the SAC. To test if this protects the oocytes from non-disjunction (for discussion see Vogt et al., 2008 Vogt et al., , 2010 , chromosomal constitution was analysed in oocytes matured in the presence of 75-mM MG for 16 or 19 h in vitro (Supplementary data, Figure S1 ; Table III Figure S1 , Table III ). Aberrant chromosome condensation decreased to rates no more significantly different from control at 19 h of culture. At 16 h, anaphase I stages had profound lagging of chromosomes (Supplementary data, Figure S1 ), which was never observed in controls. However, the chromosomes in the MG group appeared more normal at 19 h of culture (Supplementary data, Figure S1d ) suggesting an epigenetic effect in chromosome condensation by MG. No MG-exposed oocyte contained an extra-chromosome and was hyperploid (aneuploidy; Table III ). The increased number of oocytes containing less than 20 MII chromosomes (hypoploids) in the MG group spread at 16 h may relate to the still decondensed state of the chromosomes and likely represents a spreading artefact since hypoploidy was not much different between the MG group and controls when spreading was performed after 19 h of culture. Polyploidy rates and block in cytokinesis was not elevated in MG-exposed groups (Table III) , and there was no evidence for precocious chromatid segregation.
Part C: Mitochondrial distribution and intra-mitochondrial redox state
Since it is suggested that MG affects mitochondrial function (Rabbani and Thornalley, 2008) , and this could relate to alterations in spindle and chromosome condensation, we investigated mitochondrial distribution and inner membrane potential by JC-1 vital staining. Oocyte maturation for 7 h caused characteristically an accumulation of mitochondria with low-inner membrane potential (C mit ) around the meiosis I spindle of control oocytes ( Fig. 7a ; supplementary data, Table SIV : group ++). A much larger percentage of oocytes exposed to 75 mM for 7 h compared with controls failed to assemble a prominent (++) or less dense but recognizable (+ 2) spindleassociated ring of mitochondria with low C mit . The majority of MG-treated oocytes exhibited a dispersed distribution of mitochondria (22) (Fig. 8c; supplementary data, Table IV ; P , 0.05). Oocyte maturation for 8 h in the presence of 100 mM MG did not cause significant changes. After 16 h of maturation, the majority of MII oocytes in the control and MG group exhibited a prominent spindle associated ring of low C mit mitochondria ( Fig. 7d ; 56.4 versus 70%, respectively; Supplementary data, Table IV ). Therefore, efficient translocation of mitochondria towards the spindle appeared Carbonyl stress exposure and oocyte ageing delayed by MG. There was a significantly higher number of oocytes missing a cortical ring of mitochondria in the group matured for 8 h in the presence of 100-mM MG compared with controls ( Fig. 7c ; supplementary data, Table IV ; P , 0.05), while there was no difference between treated and untreated groups at 16 h of maturation. When Mito-Grx1-roGFP2 mRNA was injected into oocytes maintained in meiotic arrest for 8 h and then released to mature in vitro to MII (16 h) in the absence or presence of 100-mM MG, the fusion product was detected in mitochondria, e.g. those associated with the spindle (Fig. 8) . After calibration of fully oxidized and reduced form of the Mito-Grx1-roGFP2 by treatment of oocytes with 10 mM H 2 O 2 or 10 mM DTT (Fig. 8) , the inner-mitochondrial GSH-dependent redox potential (E m GSH ) was calculated in control and MG-exposed groups (n ¼ 32 and n ¼ 21 for control and MG groups, respectively) and shown to be significantly different: E m GSH was 2336,9 mV with +2.1 mV standard error in the control group and 2318.5 mV with +5.3 mV standard error in the MG group (P , 0.005). The distribution and GSH-dependent innermitochondrial potential was therefore disturbed by chronic, noncytotoxic MG exposure.
Discussion
Different factors can influence sensitivity of mouse oocytes to MG-induced maturation arrest
Ageing may result in the accumulation of reactive carbonyl compounds leading to AGE formation in organs including the ovary (Tatone et al., 2008; Tatone et al., 2010) . The semi-quantitative analysis of expression of GLO1 and GLO2 revealed for the first time that both of these enzymes are expressed in oocytes and cumulus cells and that the abundance of Glo1 and Glo2 mRNAs becomes dramatically reduced during oocyte maturation in vivo. While, oocytes can rely on an efficient detoxification of reactive carbonyl compounds spontaneously formed during normal cellular metabolism during GV stage, they become more sensitive to MG once resuming maturation. Proteome analysis suggests that GLO1 but not GLO2 is present in mouse MII oocytes (Wang et al., 2010; Eichenlaub-Ritter, unpublished) . Loss of transcripts for both glyoxalases following maturation is expected to weaken MG detoxification power, particularly after fertilization. The presence of an effective scavenging of reactive carbonyl compounds at GV stage suggests that oocytes are competent to deal with them mainly during their stay in ..................................................................................................................................................................................... the ovary. Although oocytes lack glycolytic enzymes and therefore may not produce substantial amounts of MG, they stimulate glycolysis of cumulus prior to and at maturation (Sugiura et al., 2005; Su et al., 2009) . MG, which enters the oocyte initially through gap junctions, therefore poses a risk for induction of carbonyl stress, especially in the later stages of maturation and also in the embryo. MG concentration in cells is typically 2-4 mM; common test by chronic exposure use higher, median toxic concentrations around 300 mM-1 mM (Dobler et al., 2006; Chan and Wu, 2008; Rabbani and Thornalley, 2010) . During ageing, diabetes and PCOS when the ovary experiences carbonyl stress (Diamanti-Kandarakis et al., 2007; Tatone et al., 2008 Tatone et al., , 2010 Hsuuw et al., 2005) , oocytes may become chronically exposed to supraphysiological MG concentrations. Under these conditions, the presence in the oocyte of an efficient scavaging system is particularly relevant. Notably, the reduced rate of oocyte maturation in CEO but not DO from aged compared with young females indicates that cumulus of aged mice (and presumably other mammals like humans) has reduced capacity to protect oocytes from detrimental effects of MG, consistent with the view that chronological ageing affects expression of detoxifying enzymes (Di Loreto et al., 2008) . Increased MG as a metabolite from glycolysis might also contribute to adverse effects of high glucose on oocyte maturation in other conditions (Sutton-McDowall et al., 2010) . Since the cumulus is active in glycolysis during the comparatively long period of oocyte growth, the reduced protection can cause a continuous increase in formation of AGEs, a condition which we tried to mimic by exposing maturing oocytes to unphysiologically high concentrations of MG. In fact, this is shown to dramatically decrease and delay maturation, and affect spindle and chromosomes.
Since one-third of DO of young CD-1 females were still capable of maturing to MII in 300-mM MG, while there was already a significant meiotic arrest by 50-mM MG in oocytes of the MF-1 mice, and Chang and Chan (2010) reported reduced in vitro maturation in CEOs of hybrid ICR female mice by only 5-mM MG, genetic background, e.g. by differences in expression of detoxifying enzymes, may be important in response to carbonyl stress. It remains to be determined whether and in which way genetic background but also food consumption (e.g. with or without high phytohormones and radical scavengers), hormonal stimulation, culture conditions (e.g. presence of high or low O 2 ), or composition of culture media affect susceptibility of oocytes to MG, especially in the human. A recent study revealed that increased level of toxic AGEs in serum related to poor follicular and embryo development and reduced pregnancy rates, irrespective of maternal age (Jinno et al., 2011) , supporting the notion that carbonyl stress affects developmental potential of oocytes, including the human.
MG exposure affects DNA and chromatin condensation
Low concentrations of MG caused a significant rise in g-H2AX spots in the GV of the meiotically arrested oocytes. H2AX histone characteristically undergoes phosphorylation at serine 139 in response to DNA damage and DNA double-strand breaks in somatic cells (e.g. Rogakou et al., 1998; Tanaka et al., 2006; Mah et al., 2010) . Knockout of the poly (ADP-ribose) polymerase (Parp-1) gene, which also causes persistence of g-H2AX on the X chromosome bivalent in the mouse induces genome instability at oogenesis (Yang et al., 2009 disturbances in DNA integrity implicated by increased g-H2AX by low MG (75 mM) in GV oocytes of MF-1 mice therefore support the notion that MG affects DNA integrity in resting as well as in maturing oocytes and such disturbances could contribute to reduced developmental potential.
In addition, the significant increase in oocytes with condensed, sticky chromatin, plus the presence of a restitution-like nucleus at meiosis I or meiosis II in spread and C-banded MG-exposed oocytes suggest an epigenetic effect of MG. Increases in ROS that are at the origin of adverse effects of MG may be particularly relevant and influence the fate of the oocyte after fertilization, e.g. such as an increased resorption of post-implantation embryos after in vitro fertilization of MG-exposed mouse oocytes and a decrease in fetal weight of the embryos, possibly as a result of increased apoptosis rate in the blastocyst (Chang and Chan, 2010) . In vivo oocytes are presumably exposed to MG for prolonged periods, within the resting follicle but particularly also during follicular growth and development. Stochastic effects by MG and MG-induced carbonyl stress may therefore contribute to increases in DNA damage mimicked in our study by the comparatively short exposure of the GV-arrested oocyte to supra-physiological MG.
MG-effects on meiotic maturation, spindle formation, and chromosome congression MG caused a dose-dependent meiotic arrest and delay at meiosis I at 16 h of maturation and a significant increase in oocytes with aberrant spindles, absence of polar centrosomal pericentrin and unaligned or lagging chromosomes, but there was no induction of aneuploidy. The delayed meiosis suggests that expression of the SAC inhibits oocytes with unattached chromosomes from progressing into anaphase I and in this way protects them from non-disjunction (Vogt et al., 2008) . Since there was no lagging-associated increase in non-disjunction in MG-exposed oocytes, activity of enzymes protecting from meiotic errors such as Aurora kinase B and mitotic centromere-associated kinesin (Vogt et al., 2009 (Vogt et al., , 2010 Illingworth et al., 2010) appears also unaffected by MG. However, there is evidence that loss of chromosome cohesion and altered expression of products regulating centromere microtubule dynamics or SAC components occur with ageing (Pan et al., 2008; Chiang et al., 2010; Garcia-Cruz et al., 2010; Lister et al., 2010) . Therefore, further work is required to assess the hypothesis that aged oocytes may have an increased susceptibility to MG-induced meiotic disturbances possibly acting synergistic to other aberrations (Eichenlaub-Ritter, 1998 Tatone et al., 2008; Jones, 2008) . To obtain more information on long-lasting effects of chronic, low MG-exposure, we are currently performing experiments with pre-antral follicle culture to further elucidate synergistic effects of chronic MG and increased carbonyl stress on the somatic as well as the oocyte compartment of the follicle.
Delayed distribution of mitochondria and altered inner-mitochondrial GSH-dependent redox potential MG is well known to affect mitochondrial proteins and functions (Rabbani and Thornalley, 2010) . MG concentration and carbonyl stress may not only be increased in aged ovary but also becomes increased under hyperglycaemic conditions. For instance, AGEs were increased in lean women with polycystic ovary syndrome (Diamanti-Kandarakis et al., 2008) , and in serum from diabetic patients (Kilhovd et al., 2003; Lapolla et al., 2003) . Interestingly, mitochondrial, dysfunction, and alterations in mitochondrial morphology and distribution, reduced ATP in pre-ovulatory and MII oocytes, and significant rises in abnormalities of the spindle and chromosome behaviour are characteristics of oocytes from a diabetic mouse model (Ratchford et al., 2007; Wang et al., 2010) . Some of these effects could be mimicked by exposure of young and healthy, denuded mouse oocytes to MG such as spindle aberrations, concomitantly with delayed progression from proMI to MI (for discussion see Eichenlaub-Ritter et al., 2010a,b) . The disturbance in mitochondrial accumulation might contribute or originate from disturbed spindle formation as an effect of altered ATP production (Yu et al., 2010) . Since it is well known that calcium release and uptake are critically dependent on the activity of mitochondria after fertilization (recently reviewed by Dumollard et al., 2009; Swain and Pool, 2008; Van Blerkom, 2009 ), MG-caused mitochondrial dysfunction could also contribute to the reduced in vitro fertilization rate observed by Chang and Chan (2010) in MG-exposed CEO.
Expression of the RNA coding for the mitochondrial-targeted redox sensitive glutaredoxin1-roGPF2 fusion probe allowed us for the first time to determine the inner-mitochondrial GSH redox state in control and MG-exposed MII oocytes of a mammal. Mitochondria in oocytes are morphologically distinct and possess only few cristae (recently reviewed by Eichenlaub-Ritter et al., 2010a,b) . However, their GSH redox potential in mitochondria was in a similar, only slightly lower range (around 2340 mV) compared with what has been determined in cristae-rich mitochondria of HeLa cells (about 2360 mV; Hanson et al., 2004) . Maturation in the presence of MG significantly reduced the E m GSH in the MII oocytes, consistent with perturbation of regeneration of GSH by MG (Mannervik, 2008) . GSH content within cytoplasm and mitochondria is in equilibrium and GSH presents the major buffer against oxidative stress in oocytes (for discussion see Eichenlaub-Ritter et al., 2010a,b) . The reduced E m GSH in mouse oocytes exposed to MG reflects therefore disturbed redox regulation and may be responsible for the dose-dependently reduced and delayed oocyte maturation rate. Similarly, this may contribute to reduced oocyte quality in mice exposed to low MG in drinking water with lower maturation, fertilization and in vivo development rates of embryos compared with controls (Chang and Chan (2010) . Further studies have to show whether substitution of culture medium with GSH donor (Curnow et al., 2010) might reduce some of the MG adverse effects on oocytes.
In conclusion, the disturbances in redox regulation and distribution of mitochondria by MG as well as epigenetic effects on chromatin may be responsible for aberrant and delayed spindle formation. In aged oocytes with reduced defence and protection by cumulus cells as well as altered expression patterns and chromosome cohesion in oocytes, MG exposure may therefore contribute to predisposion to aneuploidy, although it did not induce aneuploidy in the 'young' model. In addition, disturbed redox regulation, cell cycle progression and epigenetic effects by exposure to MG are critical for fertilization and early embryogenesis in mammals and may contribute to reduced oocyte quality and developmental potential, e.g. in oocytes of aged females or such coming from patients suffering from metabolic disease like diabetes and containing high toxic AGEs in serum (Jinno et al., 2011) , follicular fluid and follicle.
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